The concentrations of arsenic (As) and cadmium (Cd) in the tobacco leaves, ash and smoke of 10 kinds of cigarettes collected from different countries worldwide were determined by ICP-MS after microwave-assisted digestion. Total As and Cd concentrations in the tobacco leaves ranged from 0.20 to 0.63 and 1.8 to 9.9 mg kg -1 , respectively. By the speciation analysis of As in tobacco leaves and ash by HPLC-ICP-MS following acid extraction, arsenite [As(III)] and arsenate [As(V)] were determined and trace amounts of monomethylarsonic acid (MMAA), dimethylarsinic acid (DMAA), trimethylarsine oxide (TMAO), tetramethylarsonium (TeMA) and some unidentified As species were also found. Arsenic speciation for smoke absorbed in an aqueous solution was carried out. The sum of the As species in tobacco leaves, ash and smoke was in good agreement with the result of total As determination in each sample, and the recoveries of speciation were 100 ± 10%. The distributions and the behaviors of As species were clarified.
Introduction
Toxic substances in the human diet pose obvious health risks. Although tobacco is not a component of the diet, tobacco smoke is inhaled into the lungs and causes some severe effects on human health, including carcinogenesis. [1] [2] [3] An accurate assessment of the health hazards of smoking and an associated safety evaluation are necessary for the maintenance of public health, and the above risk assessments would require chemical analysis of tobacco products including smoke. In addition to the human health aspects, evaluations of commercial crops, such as tobacco leaves, might yield information on concerning possible pollution of the agricultural production system.
The Ministry of Health, Labour and Welfare of Japan reported that Japanese cigarettes contain organic substances, including tar, nicotine and carbonyl compounds, which constitute the main risk factors, 4 and certain inorganic compounds, such as carbon monoxide and ammonia, are also of concern. 5, 6 The International Agency for Research on Cancer (IARC) also reported that the concentration levels of metals in cigarette tobacco vary from brand to brand. 7, 8 The IARC listed 11 compounds and elements in mainstream tobacco smoke, such as 2-naphthylamine, 4-aminobiphenyl, benzene, vinyl chloride, ethylene oxide, arsenic (As), beryllium (Be), nickel (Ni) compounds, chromium (Cr), cadmium (Cd) and polonium-210, which were classified as Group 1 human carcinogens. 7, 8 According to the IARC, the amounts of As and Cd in the mainstream smoke of 44 cigarette samples ranged from 1.6 to 24.9 ng/cigarette (median: 10.7 ng/cigarette) and 31.0 to 332.8 ng/cigarette (median: 131.8 ng/cigarette), respectively. Moreover, the combined effects of smoking and As, asbestos and radon, which are known occupational causes of lung cancer, were reviewed. 7 The effect of smoking and As on lung-cancer risk has been studied with the occupational groups exposed to As through work in smelting or metal mining.
Campbell et al. had investigated the arsenic species by X-ray absorption near-edge structure (XANES), and had reported that a tobacco leaf and manufactured products tend to be dominated by As(V), whereas combustion produces As(III) form in respirable smoke, but keeps As(V) in ash invariably. 9 Also, the basic metabolism for smoking cessation has been reported. 10 It is important, therefore, to know the amounts of As and Cd in tobacco smoke and tobacco leaves. The toxicity of As depends upon the chemical species, so it is important for accurate evaluations of risk to determine the each chemical species of As as well as the total As concentration in a sample. However, there is a lack of information on As species in cigarette smoke and tobacco.
In the present work, tobacco leaves, ash and smoke samples were prepared from 10 kinds of cigarettes collected worldwide, and the concentrations of As and Cd in each sample were determined. The analytical conditions were discussed so as to avoid any interference on its determination. Also, the relationship between the As and Cd concentrations was also investigated. In addition, the As species present in each sample were identified by HPLC-ICP-MS.
Apparatus

Arsenic and cadmium analyses
An ICP-MS instrument (NexIon S-300, Perkin Elmer, Kanagawa, Japan) equipped with a micromist nebulizer (100 μL type) and a cyclone spray chamber was used. The typical operating parameters were as follows: the incident rf power was 1600 W, outer Ar gas flow rate 18 L min -1 , intermediate Ar gas flow rate 1.0 L min -1 , carrier Ar gas flow rate 1.0 L min -1 , and Rpq and Rpa at 0.65 and 0, respectively. The ICP-MS was usually operated with O2 as the reaction cell gas (1 mL min -1 ) for As analysis, and As (As + : m/z = 75) was monitored as AsO + at m/z = 91 to avoid ArCl + (m/z = 75) polyatomic molecular interference. Also, Cd was monitored at m/z = 110, 111, and 114. The typical detection limits (3σ) under these conditions were 1 pg g -1 for As and 2 pg g -1 for Cd with a sample preparation blank.
An ICP-MS (7500c, Agilent, Tokyo, Japan) equipped with a micromist nebulizer (100 μL type) and a Scott spray chamber (2 C) was also used. The typical operating parameters were as follows: the incident rf power was 1600 W, outer Ar gas flow rate 15 L min -1 , intermediate Ar gas flow rate 0.9 L min -1 , carrier Ar gas flow rate 0.7 L min -1 and make-up Ar gas flow rate 0.4 mL min -1 . The ICP-MS was usually operated with He as the collision cell gas (4 mL min -1 ) so as to reduce some polyatomic molecular interferences.
Arsenic compounds were separated by an HPLC instrument (L-6000 pump, Hitachi High Technologies Co. Ltd., Tokyo, Japan) with an automatic sample injector (Nanospece SI-2, Shiseido Co. Ltd., Tokyo, Japan). A CAPCELL PAK C18 MG column (250 mm × i.d. 4.6 mm, Shiseido Ltd., Tokyo, Japan) was used with the mobile phase containing 10 mmol L -1 of sodium 1-butanesulfonate, 4 mmol L -1 of malonic acid, 4 mmol L -1 of tetramethylammonium hydroxide, and 0.05% of methanol (pH 3.0) at a flow rate of 0.75 mL min -1 . The exit of the HPLC column was connected to the nebulizer of the ICP-MS with PEEK tubing, and the eluent was directly introduced into the ICP-MS 7500c; As was monitored at m/z = 75. The detection limit of As was 1 pg g -1 (as As).
A STRAT D (Milestone MLS, Leutkirch, Germany) was used for microwave-assisted digestion to decompose the tobacco and tobacco ash samples.
Calibration standards and reagents
The Japan Calibration Service System (JCSS) single-element standard solutions (1000 mg L -1 ) of As(III) and Cd (purchased from Kanto Chemical Industries Ltd., Tokyo, Japan) were used as the source of calibration standard solutions. The As(V) certified reference material (NMIJ CRM 7912-a), the dimethylarsinic acid (DMAA) certified reference material (NMIJ CRM 7913-a) and the arsenobetaine (AsB) certified reference material (NMIJ CRM 7901-a) disseminated by the National Metrology Institute of Japan/National Institute of Advanced Industrial Science and Technology (NMIJ/AIST, Ibaraki, Japan) were used as the source standard solutions. Their metrological traceabilities are guaranteed.
Monomethylarsonic acid (MMAA), trimethylarsine oxide (TMAO), tetramethylarsonium chloride (TeMA), arsenobetaine (AsB) and arsenocholine bromide (AsC) standard solutions were prepared from commercially available reagents. They were evaluated concerning the purity, such as moisture, elemental analysis and other arsenic compounds present as impurities before use. Each compound was dissolved in pure water to prepare 1000 mg As kg -1 of an in-house source standard solution. Working mixture standard solutions were prepared daily by mixing the source standard solutions and diluting to proper concentrations with pure water.
Reference material of tobacco leaves
The certified reference material of tobacco leaves (INCT-OBTL-5: Laboratory of Nuclear Analytical Methods, Institute of Nuclear Chemistry and Technology, Poland) was analyzed.
The certified values of As and Cd in the CRM are 0.668 ± 0.086 and 2.64 ± 0.14 mg kg -1 , respectively. 11
Sample collection and preparation
Ten samples of commercially available cigarettes were collected. Three samples were purchased from Asia (Sample ID-1, -2 and -5), two from North America (Sample ID-3 and -4), two from the Middle-East (Sample ID-6 and -7), and three from Europe (Sample ID-8, -9 and -10). The sample-preparation scheme is shown in Fig. 1 . The tobacco leaves in the cigarettes were separated from the papers and filters, and a part of the tobacco leaves was directly analyzed as a tobacco leaves sample. Another portion of each tobacco leaves was burned in a flask under an air-flow, and tobacco ash sample was obtained. While the tobacco leaves was burned, the smoke was absorbed into a 0.01 (w/v)% of urea solution (pH 6.8), which was used as a substitute for human saliva. The major component of human saliva is water (99.5%). It also contains various kinds of organic and inorganic compounds, such as amylase, urea and so on, although their amounts are very small. Its pH is around 6.8. In order to prepare an absorption solution with a small amount of organic compound at a pH of around 6.8, we selected urea as typical components of saliva. In addition, it is easy to prepare a highly pure reagent of urea in our laboratory. There were two smoke-absorbing traps on the air-flow line in tandem, and the smoke was aspirated at 1 L min -1 through the air-flow line. The first one was a main absorber, and the second one was a subsidiary absorber.
In summary, the tobacco leaves, the tobacco ash and the smoke solution (smoke absorbed in the urea solution) were prepared from each cigarette sample. We analyzed 10 kinds of cigarette in this experiment and, thus, 30 measurement samples were prepared in total. The measurement samples were used for the total concentration analysis and the As speciation.
The drying losses of samples were obtained by measuring the mass loss during the drying process in an oven at 135 C for 90 min. The factors were also used in the speciation analyses. The smoke solution samples were analyzed directly by ICP-MS. 
Total concentration determination of As and Cd
The tobacco leaves and the ash samples were digested with a microwave digestion system. A portion of each tobacco leaves or tobacco ash sample (0.25 g each) was weighed precisely and transferred to a PFA vessel, to which 5 mL of HNO3 (60.0%) and 1 mL of H2O2 (30.0%) were added. The operating program of the microwave system was as follows: the samples were heated at 200 W for 5 min at the 1st step, 300 W for 5 min at the 2nd step, 500 W for 10 min at the 3rd step, and 600 W for 5 min at the 4th step, and then cooled to room temperature. Then, the sample solutions were made up to 30 mL with pure water. The sample solutions were used for determining the total concentrations of As and Cd. The blank tests for the procedure were also performed together with the samples. The reference material was analyzed with the same procedure at the same time so as to validate the analytical procedure.
Arsenic speciation
Arsenic species were extracted from the tobacco leaves and the ash samples by an ultrasonic extraction method with HNO3 as the extracting solvent. A portion of each sample (0.25 g) was placed in a 15-mL polypropylene tube and 10 mL of 0.015 mol L -1 HNO3 were added in it. The capped tube was placed into an ultrasonic bath for 1 h. The tube was then centrifuged at 3500 rpm for 10 min. The supernatant was passed through a 0.45-μm syringe-type PVDF membrane filter. The filtrates was analyzed by HPLC-ICP-MS. The blank tests were performed together with samples to investigate possible As contamination; but, none was detected.
Results and Discussion
Validation of analytical techniques
To evaluate the analytical techniques and precision, the concentrations of As and Cd of the tobacco leaves certified reference material (INCT-OBTL-5) were determined by ICP-MS following microwave-assisted digestion. The analytical results (n = 3) of As and Cd were 0.63 ± 0.01 and 2.68 ± 0.02 mg kg -1 , respectively. They were in good agreement with the certified values. 
Arsenic and cadmium concentrations of tobacco leaves, ash and smoke
The concentrations of As and Cd of tobacco leaves and tobacco ash were determined by ICP-MS after microwaveassisted digestion and those of smoke solution samples were determined directly. The results are given in Table 1 .
It is well known that there are some polyatomic molecules interfering with As and Cd measurements in ICP-MS. [12] [13] [14] If a certain amount of Mo is contained in the samples, MoO will interfere with Cd, and especially the interference of 98 Mo 16 O with 114 Cd is very severe. 15, 16 Therefore, the Cd concentrations were determined using two ICP-MSs installed with different types of the collision reaction cell gas system. In addition, three isotopes of 110 Cd, 111 Cd and 114 Cd were monitored during the measurements. As a result, all the determination results obtained were in good agreement with each other. This suggests that there was no interference of Mo with Cd in this experiment, and that both collision reaction cell systems were effectiveness to reduce such interferences.
The concentration ranges of As and Cd in tobacco leaves were 0.20 to 0.63 and 1.80 to 9.92 mg kg -1 , respectively. The concentrations of As and Cd in the tobacco ash were surprisingly higher than those in tobacco leaves, and their concentrations were in a range from 0.30 to 0.70 mg kg -1 for As and 3.36 to 20.94 mg kg -1 for Cd, respectively. This suggests that the elements in the tobacco leaves were concentrated into the ash, because the burning temperature was not high enough to evaporate elements during burning. Typically, cigarettes burn at 600 to 700 C during smoking, and the tobacco leaves samples were likely burned at similar temperature in the experiment. Then, the reduction rate of mass from tobacco leaves into the relating ash through burning was calculated as a concentration factor (Table 1) , and the average of the concentration factor was 49.1 ± 2.3% (RSD 4.7%). On the other hand, the apparent concentrations of elements in the ash were higher than those in the tobacco leaves by about 2 times. When the As and Cd concentrations in each ash sample were converted to the concentrations based on the original tobacco leaves samples with the concentration factors, the converted concentrations were very closes to the original ones in the corresponding unburned tobacco leaves sample. For example, the converted As concentration value of ID-1 tobacco ash was 0.20 mg kg -1 and the original one was 0.22 mg kg -1 . This indicated that the elements in tobacco leaves were not substantially vaporized by burning and most of them remained in the tobacco ash after burning.
The concentrations of As and Cd in smoke samples were calculated based on the sampling mass of tobacco leaves, that is, the concentrations were calculated from the amounts of As and Cd absorbed in the aqueous urea solution and the masses of the tobacco leaves burned. That is to say that the concentrations of As and Cd in smoke represents the amounts of As and Cd evaporated from tobacco leaves into smoke during burning. The concentrations were very low: 0.003 to 0.025 mg kg -1 for As and 0.003 to 0.068 mg kg -1 for Cd. Only 1.4 to 7.4% of As and 0.1 to 1.5% of Cd in the tobacco leaves were vaporized to smoke by burning. The highest vaporizing percentage of As was found in sample ID-2 (7.4%) and the largest actual amount of As vaporized in smoke was found in sample ID-5 (0.025 mg kg -1 ), although sample ID-5 contained the highest concentration of As in tobacco leaves.
In practice, it was very difficult to measure the actual amount of As and Cd vaporized from cigarette tobacco by burning, since the absorption efficiencies of As and Cd in the urea solution were not known. Therefore, there were two trappings installed on the air-flow line in tandem to ensure the absorption capability of the trapping. As the results, no As and Cd were detected in the second trapping, that is, As and Cd vaporized were absorbed in the first trapping completely.
The mass balance of As and Cd among tobacco leaves, ash and smoke was estimated in order to valid the total analysis of tobacco samples. The mass balance was calculated by the following equation: Recovery = (the converted concentration in ash + the concentration in smoke)/(the concentration in tobacco)× 100. The recoveries of Cd were in the range from 94 to 101% and the average was 98 ± 2%, that is, approximately 100% of Cd was recovered. The recoveries of As were in the range from 90 to 103%, and the average was 98 ± 4%. Both of them were recovered by approximately 100%.
Relationship between As and Cd concentrations
The relationships between the total As and Cd concentrations in the tobacco leaves and tobacco ash are shown in Fig. 2 . There is a positive correlation between As and Cd concentrations contained in tobacco leaves. It is well known that As and Cd concentrations in rice depend on the cultivation techniques, especially the flooding management and water-saving methods. 17 However, no such special management technique was employed for the cultivation of tobacco. Therefore, the concentrations of As and Cd reflected the nature of the soil and water in the fields where the tobacco were cultivated.
When tobacco leaves are burned, the greater parts of the As and Cd are not vaporized and remain in ash because of low burning temperature. The vaporization percentages of As from tobacco leaves to smoke were found to be 1 to 20-times higher than those of Cd. This might be caused by the difference in the vaporization heat of As and Cd (As: 34.76 kJ/mole, Cd: 99.87 kJ/mole). However, no particular trends were apparent in the smoke samples. Thus, we cannot deny the possibility that the vaporization of As into smoke was related to the As species present in the tobacco leaves.
Arsenic species in cigarette samples
Arsenic species extracted from tobacco leaves, ash and smoke samples (aqueous urea absorption solutions), were determined by HPLC-ICP-MS. A HNO3 aqueous solution is useful as an extracting solvent to extract arsenic species from agriculture products, such as rice flour. Although water is one of the best solvents for suppressing oxidation-reduction reactions between As(III) and As(V), the extraction efficiency of total arsenic is sometimes not good enough for agricultural samples, since a part of the As(III) in agriculture samples remained unextracted. On the other hand, when acidic solvents are used, a part of the As(V) and As(III) is likely changed during the extraction process under certain extraction conditions, although the extraction efficiencies are generally high. The oxidation-reduction reaction between As(III) and As(V) can strongly depend upon the acidity of the extraction solvents. Therefore, after evaluating the dependence of the extraction property of As(III) and As(IV) on the acidity, 0.015 mol L -1 HNO3 solution had been selected in this experiment. 18, 19 The chromatograms of samples ID-1, ID-5 and ID-10 are shown in Fig. 3 . The arsenic species measured in each sample are listed in Table 2 (as As in mg kg -1 ). The sum of the As concentrations in each As species and the percentage recoveries based upon the total As concentration are also summarised in Table 2 . The recoveries of all samples were 94 to 105%. It shows that the sum of As in each As species were in good agreement with the total As concentration in all samples.
Arsenate [As(V)] was the main As species in all tobacco leaves and the concentrations were 54 to 60% (average 58 ± 2% (RSD 2.6%)) of the total As species. Trimethylarsine oxide (TMAO) is the second-largest amount in all tobacco leaves, except for ID-5 and the concentrations were 7 to 24%, although TMAO is not observed in the ash samples. Small amounts of DMAA were observed in every sample and some other peaks corresponding to TMAO, TeMA and AsC were also observed in some tobacco leaves samples. However, AsB was not detected in any tobacco leaves samples, although AsB is one of the most common components in marine plants.
Arsenate [As(V)] concentrations in ash were 10 to 77% (average 50 ± 22% (RSD 44.3%)) of total As and it considerably varied from sample to sample. The concentrations of As(III) in ash samples derived from ID-1, -4, -6, -7, -9, -10 were slightly increased compared to those of the tobacco leaves. Monomethylarsonic acid (MMAA) increased in many ash samples, especially ID-1 and ID-6. It became the main As constituent after the burning process. Tetramethylarsine oxide (TMAO) was not found in any ash sample, although it was the second largest component in the tobacco leaves. Tetramethylarsonium chloride (TeMA) in the ash was prone to increase after burning. Some unknown peaks were also observed after burning. Especially, sample ID-5, whose concentrations of As and Cd were the highest among the samples tested here, had three unidentified peaks in the ash sample, although it had only one unknown peak in the tobacco leaves. Therefore, some of the original As species in tobacco leaves were changed into other As species during the burning process.
Arsenic in smoke samples was very low, so it was very difficult to carry out the As speciation. It is noted that some organoarsenic species were contained more than As(V) in smoke sample. Knowledge about the inorganic As species in smoke is important to consider the health risk factor of As inhaled through smoking.
Conclusions
Tobacco leaves of 10 kinds of cigarettes collected from different production areas worldwide were analyzed. Sub-ppm levels of As and several ppm levels of Cd were contained in the tobacco leaves. The apparent concentrations of As and Cd in the ash resulted to be much higher than those in original tobacco leaves, because the most amounts of As and Cd in the tobacco leaves remained in the ash after burning and because the mass of tobacco leaves reduced after burning. The main As species in tobacco leaves was As(V), and several organoarsenic species a. Converted value (the concentration calculated based on the original tobacco leaves by means of concentration factor). ND: < 1 pg g -1 (as As).
were also observed. Besides them, several unknown As species were found in the tobacco leaves and ash. Presumably some of them were produced from As species contained in the tobacco leaves during burning process. The concentrations of As and Cd in smoke sample were investigated by analyzing aqueous urea solutions that had absorbed the smoke. The health risk factors based on the As and Cd concentrations in smoke were very low, even when they were compared with those through food ingestion. The cancer risk factor of As and Cd in tobacco smoke were also very small.
The cultivating techniques of flooding and water-saving is well known to be useful to suppress the Cd uptake in rice plants. 20, 21 It has also been reported that the agronomic factors, such as the production practices, soil characteristics, water supply, and rainfall influence the accumulation of metals including Cd, Be, Cr, Ni and As into tobacco leaves. The use of fertilizers low in nitrates and heavy metals could reduce the yields of specific constituents in mainstream smoke. 22 The farming techniques can reduce the risks of accumulating metallic elements in agricultural products. Therefore, it is very important to evaluate the impacts of such farming techniques on reducing metallic elements in final agricultural products. 
